We study the hybridized plasmonic-photonic modes supported by two-dimensional arrays of metallic nanoparticles coupled to light-emitting optical waveguides. Localized surface plasmon polaritons in the metallic nanoparticles can couple to guided modes in the underlying waveguide, forming quasi-guided hybrid modes, or to diffracted orders in the plane of the array, forming surface lattice resonances. We consider three kinds of samples: one sustains quasi-guided modes only, another sustains surface lattice resonances only, and a third sample sustains both modes. This third sample constitutes the first demonstration of simultaneous coupling of localized surface plasmons to guided modes and diffracted orders. The dispersive properties of the modes in the samples are investigated through light extinction and emission spectroscopy. We elucidate the conditions that lead to the coexistence of surface lattice resonances and quasi-guided hybrid modes, and assess their potential for enhancing the luminescence of emitters embedded in the coupled waveguide. We find the largest increase in emission intensity for the surface lattice resonances, reaching up to a factor of 20. 
Introduction
Plasmonic nanostructures are currently being intensively investigated. The reason for this pronounced interest is their very large polarizability due to localized surface plasmon resonances (LSPRs), which allows to enhance light-matter interactions [1] [2] [3] [4] [5] [6] [7] . LSPRs are the coherent oscillation of the free electrons in metallic nanoparticles driven by an external electromagnetic field. If an optical emitter is located in the proximity of a metallic particle, it can decay by exciting LSPRs. The emitter experiences a modified local density of optical states (LDOS) due to the presence of the nanoparticle, which influences its radiative and non-radiative decay rates [8] [9] [10] [11] [12] . LSPRs can also radiate into the far field by coupling to radiation modes in the medium surrounding the particles. Metallic particles supporting plasmonic resonances are, thus, capable of modifying the emission of nanosources. This important characteristic has led to the term optical antenna or nanoantenna when referring to metallic nanoparticles in analogy to radio-wave antennas [13] . Several types of optical antennas have been reported, e.g., single nanoparticles [9, 10] , nanorods [13, 14] , dimer and bowtie antennas [11, 15] , Yagi-Uda antennas [16, 17] , and arrays of nanoparticles [18] [19] [20] [21] [22] .
While single metallic nanoparticles can sustain LSPRs, a periodic array of these nanostructures may exhibit collective resonances resulting from the radiative coupling of LSPRs. Of particular interest are periodic arrays of metallic nanoparticles with a lattice constant comparable to the wavelength of light. In these arrays, the radiative coupling can be enhanced by surface or guided modes. Two distinct mechanisms enhancing the radiative coupling of LSPRs have been reported in literature. The first one consists of the hybridization of guided modes in thin dielectric layers with LSPRs of nanoparticles in the proximity of the guiding layer [23] [24] [25] . For these hybridized modes, which we will refer to as quasi-guided modes, a waveguiding structure is necessary. The second mechanism relies on Rayleigh anomalies (RAs) or diffracted orders in the plane of the array, which lead to the hybridized resonances known as surface lattice resonances (SLRs) [26] . SLRs are favored when the array of nanoparticles is embedded in an homogeneous dielectric [27] and for large nanoparticles [27, 28] . Although both quasi-guided modes and SLRs have been extensively studied, they have never simultaneously reported in a single sample because of the different conditions to support them: Quasi-guided modes need a waveguide that has a higher refractive index than the surrounding, while SLRs are favored when the medium surrounding the array is homogeneous. 
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In this article, we study the conditions that allow the excitation of quasi-guided modes and SLRs to achieve the coexistence of both modes in single structures. In order to identify and compare both modes, we fabricate plasmonic arrays on top of a thin layer of emitting material acting as a light-emitting waveguide, and examine them through light extinction and emission spectroscopy. In particular, we demonstrate for the first time the simultaneous observation of both modes by minimizing the mismatch in refractive index between the media surrounding the plasmonic array. We explore the coupling of these modes with the optical emitters located in the waveguide through the measurement of the photoluminescence spectra. A strong modification of the luminescence as a result of the coupling is noticed, showing that the emission from the coupled waveguide is a powerful probe to investigate the optical density of states associated with the hybrid modes.
The article is organized as follows. In section 2 we describe the preparation of three different sample configurations: One supporting SLRs, the second supporting quasi-guided modes and the third supporting both types of resonances. The extinction properties of those samples are elucidated in section 3. In section 4, we examine the emission enhancement of the optical emitters in the waveguide coupled to these plasmonic-photonic modes. We observe a far-field photoluminescence which is modified both spectrally and spatially. In section 5, we examine the spatial distribution of the SLRs, quasi-guided modes, and LSPRs by using a 3D finite-difference time-domain (FDTD) simulation.
Sample preparation
We have prepared three samples in order to identify the different resonances in periodic arrays of plasmonic antennas. The first sample consists of an array of Ag nanorods homogenously surrounded by sapphire (Al 2 O 3 ). Figure 1 shows a scanning electron microscope image of a top view of the antenna array. The second one is a similar array of Ag nanorods inhomogeneously surrounded by a waveguide layer on a SiO 2 substrate on one side and air on the other side. As a waveguide, Ce 3+ doped yttrium aluminium garnet (YAG:Ce) was selected because of its higher refractive index compared to SiO 2 . YAG:Ce is also known as an important luminescent material currently used in white light-emitting diodes(W-LEDs) [29] . Its broad emission in the visible centered at 580 nm is useful to study its coupling to the dispersive plasmonic-photonic modes in a wide spectral range. The third sample represents an intermediate case, with a similar array of nanorods with a waveguide layer on top of SiO 2 , and a SiO 2 upperstrate on the other side. A schematic representation of the samples can be found in the inset of Figs. 2(a), (b) and (c). In the following we describe the preparation of these three samples.
The first sample was prepared on an Al 2 O 3 substrate. An array of Ag nanorods was fabricated on the substrate by using substrate conformal imprint lithography (SCIL) [30] . The array consisted of rectangular rods of 20 nm height with long (short) axis of 300 nm (70 nm) along the x (y) direction arranged in a lattice with constants a x = 500 nm and a y = 200 nm. An upperstrate of Al 2 O 3 was optically matched to the substrate with a refractive index matching liquid [not shown in the inset of Fig. 2(a) ].
The YAG:Ce waveguides of the second and third samples were fabricated on SiO 2 glass substrates via a sol-gel route by using propylene oxide as a gelation initiator [31, 32] . A detailed description of the synthesis of similar layers can be found in Ref. [33] . First, a YAG layer (thickness ≤ 50 nm) was deposited as a buffer layer, and a YAG:Ce layer was deposited on top. The total thickness of the two layers(YAG + YAG:Ce) was 230 ± 30 nm. 
Extinction measurements
The optical extinction of the three different arrays was determined by measuring the zerothorder transmittance as a function of the angle of incidence. For these measurements we used the collimated beam from a halogen lamp with a beam diameter of ≃ 0.5 mm. The samples were mounted on a computer controlled rotation stage. The polarization of the incident light was set along the y axis, probing the short axis of the nanorods. The wave vector component of the incident plane wave parallel to the surface along the x axis was varied by rotating the sample to change the angle of incidence on the array in the x-z plane. The absolute zeroth-order transmittance (T ) was obtained by normalizing the transmission of the incident light through the samples to that of the same samples but without the array of nanorods. The extinction is defined as 1 − T . Figure 2 summarizes one of the main results of this article, namely, it presents a comparison of the extinction of the three arrays. Figure 2(a) shows the extinction of the first array consisting of Ag nanorods homogenously surrounded by Al 2 O 3 . The top panel plots the extinction in a color scale as a function of the wavelength λ and the angle of incidence θ inc of the beam with respect to the normal to the surface. In order to examine the dispersion of the extinction in detail, we have represented in the bottom panel the data as a function of the photon energy, E = hc/λ , and the in-plane wave vector of the incident beam, i.e., the projection of the incident wave vector onto the surface of the array, k inc || = 2π λ sin(θ inc ), with c the speed of light. The solid lines in this figure indicate the RAs of the nanorod array or the onset of diffraction, i.e., the frequencies and angles of incidence at which a diffracted order is grazing to the plane of the array. These RAs correspond to the (m 1 , m 2 )=(±1, 0) diffracted orders. When k inc || does not have a component in the y direction, the RAs satisfy the relation
, where k out is the wave vector of the scattered light by the array. These RAs are calculated using the refractive index of 1.74 for an homogeneous medium surrounding the array of nanorods, which corresponds to the refractive index of Al 2 O 3 in the visible. A broad and non dispersive extinction band is observed around E = 2.1 eV (λ = 580 nm), which corresponds to the excitation of the LSPRs in the Ag nanorods. In addition, we also see two extinction bands which follow the dispersion of the RAs. These bands correspond to the SLRs, which arise from the coupling of the LSPRs with the RAs forming the hybrid photonic-plasmonic mode. Because of this coupling with the LSPRs, the SLRs do not exactly coincide with the RAs but they are slightly red-shifted. The coupling strength between the RAs and the LSPRs increases as the frequency difference between them decreases, i.e., for larger values of θ inc or k inc || . This increased coupling also leads to larger red-shift of the SLR and a broadening of the extinction, which indicate that the characteristics of the SLR approach to those of the LSPR. [34, 35] . Figure 2 (b) shows the extinction measurements of the array of Ag nanorods on top of the YAG:Ce layer. For this sample the LSPR is at E = 2.6 eV or λ = 470 nm, i.e., it is blue shifted compared to the array embedded in Al 2 O 3 . This blue shift is the result of the lower index of refraction of the media surrounding the nanorods, which reduces the depolarization field, increasing the resonance energy [36] . We also see three dispersive and sharp resonances. The narrow width of these resonances indicates their high quality factors. The excitation of SLRs is favored when the array of nanorods is embedded in an homogeneous medium with the same index of refraction on both sides of the array [27] . Given that the sample used in Fig. 2 high refractive index compared to the SiO 2 substrate and air. Here the antenna array plays the role of a grating that scatters the incident light into the guided mode or couples the guided mode into free space radiation. As a result, this mode becomes leaky [23, 24, 37] . The dispersion relation of the TE 0 guided mode calculated for a three layer system without an antenna array is plotted in the bottom panel of Fig. 2(b) [38] . In this calculation, we consider a YAG:Ce waveguide with a thickness of 200 nm and a refractive index n = 1.67, sandwiched in between an upper and lower medium of infinite thickness and a refractive index of SiO 2 glass (1.46) and air (1.0). The value of n of the YAG:Ce layer used for these calculations is very similar to the value obtained from the ellipsometry measurements (n = 1.68 at λ = 700 nm). The dispersion is folded into the first Brillouin zone of the periodic array by taking into account the pitch in the x direction (a x = 500 nm). The edge of the first Brillouin zone (π/a x ) is at the wave number = 6.28 mrad nm −1 . The calculated dispersion of the TE 0 modes follows very well the measured extinction features, indicating their weaker hybridization with LSPRs compared to the SLRs in Fig. 2(a) , which shows a large redshift and a broadening. Figure 2 (c) displays the extinction of the Ag nanorods array on top of the YAG:Ce waveguide with a SiO 2 upperstrate. The upperstrate increases the refractive index of the upper medium, reducing the index mismatch with the lower medium and allowing the excitation of SLRs. Consequently, both the SLRs and the quasi-guided modes can be observed in this sample. At normal incidence, the SLR is observed at E = 1.56 eV or λ = 793 nm, while the quasi-guided mode appears at a higher frequency (E = 1.72 eV) or a shorter wavelength (λ = 722 nm). We also plot in the bottom panel the RAs and the dispersion of the TE 0 mode. Here, the Rayleigh anomaly is calculated using an effective index of refraction of 1.58. Since the array is surrounded by several materials, i.e., SiO 2 glass (n =1.46), Si 3 N 4 (n =2.0) and YAG:Ce (n =1.68), this effective index is an averaged refractive index weighted by the spatial distribution of the mode. The TE 0 mode is calculated with the same parameters used in Fig. 2(b) except for the refractive index of the upper layer, which is increased from 1.0 to 1.43, and that of the YAG:Ce, which is reduced from 1.67 to 1.63. We need to slightly modify the refractive index of the YAG:Ce layer to fit to the extinction, probably because of the coupled nature of these modes with the nanorod array, which induces a shift with respect to the dispersion of the uncoupled waveguide.
Photoluminescence enhancement measurements
It has been recently proposed and demonstrated that SLRs lead to an enhanced and modified emission of sources in the proximity of the array of nanoparticles [39] [40] [41] [42] . In this section we demonstrate the modified emission of the YAG:Ce layer simultaneously coupled to quasiguided modes and SLRs. Recently, an enhancement of the emission from a YAG:Ce layer, mediated by Ag islands randomly deposited on top of the layer, was reported [43] . However, no modified emission spectrum or directionality were achieved. Our sample is similar to the one used in Fig. 2(b) , except that the array is covered by a conformal layer of Si 3 N 4 with a thickness of 20 nm to protect the Ag nanorods from oxidation [see a schematic illustration of the sample in Fig. 3(a) ]. The Si 3 N 4 layer also increases the effective index of refraction of the upper medium, providing a more symmetric surrounding to the nanorod array. As we have seen in the previous section, this symmetry is crucial for the excitation of SLRs.
Photoluminescence measurements were performed by illuminating the sample from the front side (the side with an antenna array) with a diode laser (λ = 442 nm, polarization parallel to the x axis) at an angle of 10 • from the normal to the sample. The emission polarized along the short axis of the nanorods was collected from the backside of the sample by a fiber coupled spectrometer mounted on a computer controlled rotation arm, which could be rotated in the x-z plane around the excitation spot.
In Fig. 3 , we compare the extinction and photoluminescence measurements of the sample. Figure 3(a) shows the zeroth-order extinction spectrum of the array plotted as a function of the wavelength and the angle of incidence θ inc . Sharp bands of high extinction are visible across the broad extinction band of the LSPR centered around λ = 550 nm, which are due to the excitation of quasi-guided modes in the YAG:Ce layer. In addition, SLRs appear at longer wavelengths than the LSPRs. The SLRs are located at λ = 742 nm for normal incidence, with one resonance assigned to the (-1, 0) RA and shifting to longer wavelengths, and the other assigned to the (+1, 0) RA and shifting to shorter wavelengths with increasing θ inc . In the magnified view of the extinction for small angles [ Fig. 3(b) ], the dispersion of the (+1, 0) SLR flattens and the extinction increases at normal incidence. In contrast, the extinction of the (-1, 0) SLR is reduced at small angles. This behavior is explained in terms of the coupling between the two degenerated SLRs at normal incidence [35] . The same behavior has also been observed for the degenerated quasi-guided modes [23] . In Figs. 3(c) and 3(d), we plot the photoluminescence (PL) enhancement of the sample, i.e., the emission spectra normalized by the emission of a reference YAG:Ce layer without the nanorod array on top, as a function of the wavelength and the angle of the emission from the normal to the surface, θ em . The PL enhancement follows the dispersion of the extinction shown in Figs. 3(a) and 3(b) , i.e., relative maxima in the enhancement are achieved at the wavelengths and angles of the SLRs, the quasi-guided modes, and in a lesser extent of the LSPRs. Among these maxima, the most pronounced corresponds to that of the SLR with a 20-fold enhancement at normal incidence at 737 nm [see Fig. 3(d) , note that the scale is different from that in 3(c)], where the flattening of the mode is observed. The enhancement of the emission can be described in terms of three different contributions at the frequency of excitation and emission. At the frequency of excitation, the local enhancement of the electromagnetic field at resonant frequencies can lead to an increased absorption by the YAG:Ce and the concomitant increase of the emission. In our experiments, the contribution of the excitation frequency to the PL enhancement is negligible, since the antenna array is not resonant at the frequency and angle of incidence of the excitation beam. The other two contributions to the emission enhancement are at the frequency of emission; one corresponds to the increase of the LDOS to which the emitter can decay radiatively; and the other is the increased efficiency of the light extraction from the structure into free space. It is also noticed in Fig. 3 that the relative magnitude of the PL enhancement does not agree with the magnitude of extinction. For example, the PL enhancement associated to the LSPRs is less pronounced compared to the others, although the extinction due to the LSPRs is very large. The relation between extinction and emission is further examined in Fig. 4 , which presents the (a) 1 − T , (b) PL spectra, and (c) PL enhancement, obtained at different angles. In Fig. 4(a) , we plot extinction at the incident angles θ inc = 0 • (solid curve), 4 • (dashed curve), and 7 • (dotted curve). For all the angles, one can see a broad resonance centered at 550 nm, which is due to the excitation of LSPRs in the individual rods. We also see the (+1, 0) SLR at a longer wavelength with an asymmetric, Fano-like, line shape. This resonance blue shifts as the angle increases. For the spectrum at θ inc = 4 • , we also see a resonance at 776 nm, which corresponds to the (-1, 0) SLR. Figure 4 (c) displays the PL enhancement collected at θ em = 0 • (solid curve), 4 • (dashed curve), and 7 • (dotted curve). The inset shows the magnified image at the wavelengths of the LSPRs. The PL enhancement factor at these wavelengths is around 2, which is up to an order of magnitude smaller compared to that of the SLR.
The extinction maps in Figs. 3(a) and 3(b) give information on the dispersion of the optical modes that can couple to far-field electromagnetic waves. However, they do not tell anything about the spatial distribution of the fields associated to these modes in the sample. Thus the discrepancy in extinction and PL enhancement can be related to the difference in the spatial distribution between a mode relative to the emitting YAG:Ce layer, which affects the LDOS and the outcoupling efficiency. In case of the LSPRs for example, the PL enhancement is small because of the strongly localized nature of these resonances, which leads to a modification of the LDOS only very close to the metallic nanorods while the emitters are located below the array separated by a 20 nm of Si 3 N 4 . In contrast, a large PL enhancement along the SLR and quasi-guided modes suggests a large spatial overlap between these modes and the layer of emitters. It is important to notice that the magnitude of enhancement varies even within a single SLR. In Fig. 3(c) , the largest enhancement is seen at normal incidence along the (+1, 0) SLR, while it is less notable as the wavelength of SLR approaches that of LSPRs. At normal incidence, the flattened dispersion in extinction means a standing-wave nature of this mode, which provides a large density of states at this wavelength. Figure 5 (a) shows the extinction of the sample similar to the one used in Fig. 3 but with a SiO 2 upperstrate on the top [see a schematic illustration in Fig. 5(a) ]. It is clearly seen that at normal incidence(θ inc = 0 • ), both the SLR (λ = 810 nm) and the quasi-guided mode (λ = 719 nm) are excited. The wavelengths of the SLR and the quasi-guided mode are similar to those in Fig. 2(c) , while the extinction is larger. This larger extinction is due to the stronger hybridization of these modes with the LSPRs, i.e., since Ag nanorods are coated by Si 3 N 4 and surrounded by SiO 2 , the frequency of the LSPRs is red-shifted increasing its coupling with the RAs and quasi-guided modes. The flattening of the SLR and quasi-guided mode is observed at θ inc = 0 • . Moreover, the interaction between the SLR and quasi-guided mode is seen when they cross at θ inc = 6.5 • and λ = 770 nm. This indicates that both modes spatially overlap. The PL enhancement of the same sample is shown in Fig. 5(b) . The enhancement follows the extinction features of SLRs and quasi-guided modes. The correspondence is better described in Fig. 5(c) , which compares 1 -T at θ inc = 0 • and PL enhancement at θ em = 0 • . The extinction spectrum shows three extinction peaks, assigned to the LSPRs (λ = 560 nm), the quasi-guided mode (λ = 719 nm), and the SLR (λ = 810 nm). In the PL enhancement spectrum, three peaks associated with these modes are observed, and the largest enhancement is obtained for the SLR.
Numerical simulation
In order to explore the spatial distribution of the SLRs, the quasi-guided modes, and the LSPRs, we have conducted 3D FDTD simulations using a commercial package [44] . The unit cell of the simulated structure is shown in Fig. 6(a) . The structure is similar to the sample in Fig. 5 , where the SiO 2 upperstrate is placed on the Ag nanorod array to homogenize the refractive index around the array. The top panel shows the top view of the structure. The size of the nanorod is 300 (in x direction) × 70 (y)× 20 (z) nm 3 . Periodic boundary conditions are applied in the lateral directions to simulate the array, i.e., a period of 500 (200) , and the dispersive permittivity of Ag was taken from Ref. [45] . The incident light was linearly-polarized with the electric field parallel to the y direction or the short axis of the nanorod. Figure 6 (b) displays the simulated extinction, 1 − T , in which T is calculated as the transmitted power through the structure normalized to the input power. When d = 200 nm (denoted by black solid curve), a broad peak at λ = 650 nm and a sharp peak at 804 nm are observed, with a small bump at 730 nm. The broad peak corresponds to the excitation of LSPRs while the features observed at longer wavelengths correspond to the (+1, 0) SLR and the quasi-guided mode, respectively. Although the spectral position of the LSPR is red-shifted and the extinction of the quasi-guided mode is much weaker compared to the experimental data in Fig. 5(c) , all the spectral features are qualitatively reproduced. As the thickness d increases, the quasi-guided mode displayed at λ = 730 nm grows in extinction and the spectral position of the SLR at 804 nm is red-shifted. The increase in extinction of the guided mode indicates that the coupling of the incident light to the guided mode becomes more efficient by increasing the thickness of the waveguide. The redshift of the SLR indicates that the effective refractive index for this mode increases when the YAG:Ce waveguide thickness grows.
To elucidate the fields associated with these modes, we examine the spatial distribution of the intensity of the total electric field for the d = 300 nm sample, where the three modes appear most distinctively. Note that the thickness of the waveguide is slightly larger than the value indicated in Section 2. Figure 6 (c) shows the total electric field intenisty enhancement, i.e. total electric field intensity normalized by the incident field intensity, at λ = 650 nm in the x-z plane at y intersecting the center of the nanorod in a unit cell of the array. At this wavelength, the array supports the LSPRs. The maximum field enhancement is found close to the edges of the silver nanorod and the field in the YAG:Ce layer is negligible, indicating the localized show the field distribution at λ = 730 and 814 nm, corresponding to the quasi-guided modes and the SLR, respectively. In these plots, the field is distributed both around the nanorod and in the YAG:Ce layer, showing the hybridized nature of these modes with the LSPRs. The large field intensity inside the layer suggests that the excited YAG:Ce can efficiently decay into these modes, which can couple out into free space radiation in defined directions. This behaviour qualitatively explains the large PL enhancement observed at the wavelengths of the quasi-guided mode and the SLR in a direction normal to the surface. Compared to the quasi-guided mode, the field intensity is more confined in the plane of the nanorod array in the case of the SLR, because it originates from the diffraction in the plane of the array. The intensity in the YAG:Ce layer is stronger in Fig. 6 (e) than in 6(d), which is in agreement with the experimental results displayed in Fig. 5 where the strongest enhancement was achieved for the SLR.
Conclusions
We have examined the conditions for the excitation of hybrid plasmonic-photonic modes in arrays of plasmonic particles coupled to light-emitting waveguides. Depending on the refractive index of the media surrounding the array, the samples can sustain surface lattice resonances and/or quasi-guided modes. We have found for the first time that both modes can be excited simultaneously when the refractive index of the upper medium of the array is similar to that of the lower medium. By making use of the optical emitters in the waveguide as local probes, we have investigated the coupling of light emission to these hybrid modes. Light emission shows a strong spectral modification and a noteworthy increase in intensity at the angles and wavelengths that correspond to those modes. The increased LDOS and enhanced outcoupling are responsible for this increased emission. It is worth pointing out that having both surface lattice resonances and quasi-guided modes are beneficial for light management techniques not only in the fields of solid state lighting but also for thin films solar cells [46] and sensors [47] .
